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EE-BASE IN-SITU COMPOSITE ALLOYS COMPRISING AMORPHOUS PHASE 



FIELD OF THE INVENTION 

The present invention is directed to Fe-base alloys that form in-situ composites 
5 comprising amorphous phase during solidification at low cooling rates, and more particularly 
to such alloys having high strength, high hardness and high toughness. 

BACKGROUND OF THE INVENTION 

Since the wide-spread use of Fe began with the industrial revolution, numerous Fe- 

10 base alloys have been developed. Most of these Fe-base alloys are based on an Fe-C system, 
however, numerous associated micro-structures have been developed by design or 
serendipitously in order to improve the strength and toughness or to strike a desirable 
compromise between the strength and toughness of these alloys. These micro-structure 

15 developments can be grouped into two categories: 1) refinement of crystalline grain size; and 
2) synthesis of two or more crystalline phases. 

With the large interest in this field there have been major advances in such micro- 
structural development efforts, including improving the mechanical properties of Fe-base 
20 alloys. However, it appears that the steady improvement in crystalline Fe-base alloys has 
reached a plateau in terms of the mechanical strength and toughness of such alloys. For 
example, the state of the art Fe-base steels, and even those steels with more complex 
chemical compositions, has a strength limit of around 2.0 GPa. Furthermore, such strength 
Fe-base alloys can generally only be obtained through highly complex heat treatments that 

25 

put significant limitations on the fabrication of three-dimensional bulk objects from these 
alloys. In addition, conventional Fe-base alloys, without the addition of certain elements, are 
highly susceptible to corrosion and rust, limiting their useful lifetime and potential 
applications as well. 

30 

Alternative atomic microstructures, in the form of highly metas table phases, have also 
been developed for Fe-base alloys in order to achieve higher alloy strengths. One such 
material are those alloys having an amorphous phase, which is unique in the sense that there 
is no long-range atomic order, and as such there is no typical microstructure with crystallites 
35 and grain boundaries. These alloys have generally been prepared by rapid quenching of the 
molten alloy from above the melt temperature down to the ambient temperature. Generally, 
cooling rates of 10 5 °C/sec or higher have been employed to achieve an amorphous structure, 
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j e.g., Fe-base amorphous alloys based on Fe-Si-B system. However, due to the high cooling 
rates required, heat cannot be extracted from thick sections of such alloys, and as such, the 
thickness of these amorphous alloys has been limited to tens of micrometers in at least in one 
dimension. This thickness in the limiting dimension is referred to as a critical casting 

^ thickness and can be related to the critical cooling rate required to form the amorphous phase 
by heat-flow calculations. This critical thickness (or critical cooling rate) can be used as a 
measure of the processability of these amorphous alloys into practical shapes. Even though 
there have been significant improvements in recent years in developing Fe-base amorphous 

10 alloys with high processibility, i.e., lower critical cooling rate, the largest cross-sectional 
thickness available for these alloys is still on the order of a few millimeters. Furthermore, 
although Fe-base amorphous alloys exhibit very high flow-stress levels (on the order of 3.0 
GPa or more, well above the crystalline Fe-base alloys), these amorphous alloys are 
intrinsically limited in toughness and tensile ductility, and as such have limitations in certain 
broad application fields. 

Accordingly, a need exists for Fe-base alloys having high flow stress, exceeding 2.0 GPa, and 
high toughness that are also processable into three dimensional bulk objects. 

20 

SUMMARY OF THE INVENTION 

The present invention is directed to in-situ composites of Fe-base alloys according to 

the current invention comprising an amorphous phase and fee (face-centered cubic) gama 

phase. 
25 F 

In one embodiment, the alloys of the current invention are based on the ternary Fe- 
Mn-C ternary system. 

In another embodiment, the basic components of the Fe-base alloy system may further 
3Q contain other transition group-group elements such as Co, Ni and Cu in order to ease the 
casting of the alloy into large bulk objects or increase the processability of the in-situ 
composite microstructure. In one such embodiment, the combined group of Fe, Mn, Co, Ni 
and Cu is generally in the range of from 80 to 86 atomic percentage of the total alloy 
composition, and C is in the range of from 8 to 16 atomic percentage of the total alloy 
composition. 

In another embodiment the Fe-base in-situ composite alloy is castable into 3- 
dimensional bulk objects, wherein the alloy comprises a matrix having one or both of a nano- 
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j crystalline phase and an amorphous phase, and a face-centered cubic crystalline phase. The 
Fe content is more than 60 atomic percent. In one embodiment the matrix is substantially 
amorphous phase. In another embodiment the matrix is substantially nano-crystalline phase. 
The volume percentage of the amorphous phase can be in the range of from 5% up to 70 %. 

3 The volume percentage of the matrix is in the range of from 20 % up to 60 %. Further, the 
face-centered cubic crystalline phase is in the form of dendrites. 

In one exemplary embodiment, the alloy is substantially formed by Fe, (Mn, Co, Ni , 
Cu) (C, Si, B, P, Al), wherein the Fe content is from 60 to 75 atomic percentage, the total of 
^ (Mn, Co, Ni , Cu) is in the range of from 5 to 25 atomic percentage, and the total of (C, Si, B, 
P, Al) is in the range of from 8 to 20 atomic percentage. In such an embodiment, the content 
of (C, Si, B, P, Al) can be higher in the matrix than in the face-centered cubic crystalline 
phase. 

15 in another exemplary embodiment, the alloy is substantially formed by Fe (Mn, Co, 

Ni , Cu) (C, Si), , wherein the Fe content is from 60 to 75 atomic percentage, the total of (Mn, 
Co, Ni , Cu) is in the range of from 5 to 25 atomic percentage, and the total of (C, Si) is in the 
range of from 8 to 20 atomic percentage, and the Si to C ratio is less than 0.5. The alloy is 

20 substantially formed by Fe (Mn, Co, Ni , Cu) (C), , wherein the Fe content is from 60 to 75 
atomic percentage, the total of (Mn, Co, Ni , Cu) is in the range of from 5 to 25 atomic 
percentage, and the content of C, is in the range of from 8 to 20 atomic percentage. The 
content of C is higher in the matrix than in the face-centered cubic crystalline phase. 

25 In exemplary embodiments, the alloy can further comprise a Cr content up to 8 atomic 

percent. Alternatively, the alloy can further comprise a total of (Cr, Mo) content up to 8 
atomic percent. The exemplary alloy can further comprise a Y content up to 3 atomic 
percent. 

2Q In another exemplary embodiment, an Fe-base in-situ composite alloy includes a 

matrix comprising one or both of a nano-crystalline phase and an amorphous phase, and a 
face-centered cubic crystalline phase. The alloy comprises an Fe moiety in the range of 5% 
to 70%, and a three dimensional shape having a measurement of at least 0.5 mm in each 
dimension. The alloy also has a flow-stress level of at least 2.0 GPa. 

35 
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DETAILED DESCRIPTION OF THE INVENTION 

The present invention is directed to a family of Fe-base alloys that form in-situ 
composites comprising an amorphous phase during solidification at low cooling rates. The 
alloys according to the present invention have a combination of high strength of -2.0 GPa or 
higher, high hardness of -600 Vickers or higher, and high toughness and ductility. 
Furthermore, these alloys have lower melting temperatures than typical steels making them 
easier to cast into various shaped objects. 

The in-situ composites of the Fe-base alloys according to the current invention are 
based on the ternary Fe-Mn-C ternary system, and the extension of this ternary system to 
higher order alloys by adding one or more alloying elements. These alloys can be castable 
into three-dimensional bulk objects while forming in-situ composite microstructures 
15 comprising an amorphous phase with desirable mechanical properties at typical cooling rates 
of 0.1 to 1,000 °C/ second. Preferably, the cooling rates are in the order of 1 to 100 
°C/second. It should be noted that these cooling rates are much lower than typical critical 
cooling rates of corresponding "fully" amorphous Fe-base alloys. Herein, the term three- 
dimensional refers to an object having a measurement of at least 0.5 mm in each dimension, 
and preferably 5.0 mm or more in each dimension. 

Although the basic components of the Fe-base alloy system are Fe, Mn and C, Mn 
portion may be associated with other transition metal elements such as Co, Ni and Cu in 
order to ease the casting of the alloy into large bulk objects or increase the processability of 
the in-situ composite microstructure. The combined group of Mn, Co, Ni and Cu is called the 
Mn-moiety and it is generally in the range of from 5 to 25 atomic percentage of the total alloy 
composition. Meanwhile, C is in the range of from 8 to 16 atomic percentage of the total 
alloy composition and the Fe content is from 60 to 75 atomic percentage. Furthermore, the C 
portion may be associated with other metalloid elements such as B, Si, P, and Al. The 
combined group of C, Si, B, P and Al is called the C-moiety and it is generally in the range of 
from 8 to 20 atomic percentage of the total alloy composition. 

The in-situ composite of the present invention has substantially only two phases: a 
35 "face-centered cubic" (fee) crystalline solid solution phase, and an amorphous phase. The fee 
solid solution is richer in Fe content and has lower C content than the amorphous phase, 
which is richer in C content and has lower Fe content. The fee solid solution forms primarily 
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I by dendritic solidification, and among the dendrites of the fee solid solution is the amorphous 
phase. The volume percentage of the amorphous phase can be in the range of from 5% up to 
70 % or more and preferably in the range of from 20 % up to 60 %. The particle size of the 
fee crystalline phase is in the range of 1 to 100 microns and preferably 3 to 30 microns. In 

^ one preferred embodiment, the amorphous phase is a continuous phase and percolates 
through the entire composite structure as a matrix. In another preferred embodiment, the 
percolating amorphous phase isolates the dendritically formed fee crystallites and acts as a 
matrix encompassing the dendritically formed fee crystallites. The formation of other phases 

10 in the in-situ composite is not desired and particularly the formation of intermetallic 
compounds should be avoided in order to keep the volume percentage of these compounds to 
less than 5 %, and preferably less than 1 % of the total alloy composition. 

In another embodiment of the invention, the matrix can also be in the form of nano- 
15 crystalline phase or a combination of amorphous and nano-crystalline phase. Herein, the 
nanometer phase is defined as where the grain size is less than about 10 nanometers in 
average size. 

Although a higher Fe content is desired for reduced cost, additional alloying elements 
20 at the expense of Fe are desired for increasing the content of the amorphous phase, to 
improve the stability of fee solid solution against other crystalline phases, and for reducing 
the melting temperature and increasing the processibility of the in-situ composite 
microstructure. Ni and Co is especially preferred to stabilize the fee solid solution crystalline 
phase against the formation of other competing crystalline phases, such as intermetallic 
compounds. The total Ni and Co content can be in the range of from 5% to 20 % atomic, and 
preferably 10% to 15 % in the overall composition. 

Cr is a preferred alloying element for improving the corrosion resistance of the alloy 
material. Although a higher content of Cr is preferable for higher corrosion resistance, the Cr 
content is desirably less than 8% in order to preserve a high procesability and the formation 
of toughness-improving fee gama phase. 

Mo is a preferred alloying element for improving the strength of the alloy material. 
Mo should be treated as similar to Cr and when added it should be done so at the expense of 
Cr. The Mo content may be up to 8% of the total alloy composition 

Si is a preferred alloying element for improving the processability of the in-situ 
composite microstructure. The addition of Si is especially preferred for increasing the 
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concentration of the amorphous phase, and lowering the melting temperature of the alloy. 
The Si addition should be done at the expense of C, where the Si to C ratio is less than 0.5. 

B is another preferred alloying element for increasing the concentration of the 
amorphous phase in the alloy. B should be treated as similar to Si, and when added it should 
be done at the expense of Si and/or C. For increased processability of the in-situ composite 
microstructure, the content of B should be less than 6 atomic percentage, and preferably less 
than 3 atomic percentage. The higher B content may also be preferred in order to increase the 
strength and the hardness values of the alloy. 

It should be understood that the addition of the above mentioned alloying elements 
may have varying degrees of effectiveness for improving the formation of the in-situ 
composite microstructure in the spectrum of the alloy composition ranges described above, 
and this should not be taken as a limitation of the current invention. 



Other alloying elements can also be added, generally without any significant effect on 
the formation of the in-situ composite microstructure when their total concentration in the 
alloy is limited to less than 2 % of the composition. However, higher concentrations of other 
elements can degrade the processability of the alloy, and the formation of in-situ composite 
20 microstructures, especially when compared to the exemplary alloy compositions described 
below. In limited and specific cases, the addition of other alloying elements may improve the 
processability and the formation of in-situ composite microstructure of alloy compositions 
with marginal ability to form in-situ composites. For example, minute amounts of elements 
25 with high affinity to oxygen, such as Y, can be added up to 3% in order to improve the 
processability and to aid the formation of amorphous phase by scavenging gaseous impurities 
such as oxygen. It should be understood that such cases of alloy compositions would also be 
included in the current invention. 



When the Fe moiety is less than the above-described values, then the formation of 
intermetallic compounds can be facilitated, which will in turn degrade the mechanical 
properties of the alloy. When the Fe-moiety is more than the above above-described values, 
then the formation of in-situ composite comprising the amorphous phase will be avoided. 
Rather, a single-phase fee solid solution (or a bec solid solution crystalline phase) will form. 
The amorphous phase is needed in order to impart strength into the in-situ composite by 
constraining the deformation of the fee solid solution crystalline phase. In one preferred 
embodiment of the invention, the amorphous phase substantially encapsulates the dendritic 
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^ crystallites of fee solid solution crystalline phase. The higher the concentration of the 
amorphous phase, the higher the strength and hardness values of the alloy. Likewise, the 
dendritic fee solid solution phase is desired in order to provide toughness to the in-situ 
composite alloy. 

5 

While several forms of the present invention have been illustrated and described, it 
will be apparent to those of ordinary skill in the art that various modifications and 
improvements can be made without departing from the spirit and scope of the invention. 
Accordingly, it is not intended that the invention be limited, except as by the appended 
claims. 
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